The high-power scheme for the amplification of powerful microwave signals based on the overcritical electron beam with a virtual cathode (virtual cathode amplifier) has been proposed and investigated numerically. General output characteristics of the virtual cathode amplifier including the dependencies of the power gain on the input signal frequency and amplitude have been obtained and analyzed. The possibility of the geometrical working frequency tuning over the range about 8%-10% has been shown. The obtained results demonstrate that the proposed virtual cathode amplifier scheme may be considered as the perspective high-power microwave amplifier with gain up to 18 dB, and with the following important advantages: the absence of external magnetic field, the simplicity of construction, the possibility of geometrical frequency tuning, and the amplification of relatively powerful microwave signals. Since the early 1980s, the beam-plasma systems using intense electron beams with virtual cathode (VC) attract great attention of scientific community in the area of plasma physics and high-power microwave (HPM) electronics. [1] [2] [3] [4] [5] [6] [7] [8] [9] Usually, such systems are considered as the sources of the impulses of high-power microwave radiation (up to several gigawatts power level) for such applications as plasma physics and techniques, high energy density physics, accelerator physics, radar and communication technologies, and as setups for ion acceleration and plasma heating. 3, 6, 7, [10] [11] [12] [13] [14] [15] VC oscillators (VCOs) (such as vircators, reditrons, and virtodes) are a special class of bremsstrahlung microwave generators, whose operation is based on the formation of a VC in an electron beam (usually relativistic) with overcritical current. 1, 3, 7, [16] [17] [18] The main advantages of VCOs are the following: very high output microwave radiation power, a simple construction (let us emphasize that vircators can operate without external focusing magnetic field), fast rise time, the possibility of a simple frequency tuning and regime switching (tunability), rather short operation region and low demands on the quality of the electron beam. 4, 6, 7, [19] [20] [21] [22] [23] The last property is of great importance when the oscillator is fed with short and low-quality beam formed by an explosion emission electron injector.
Since the early 1980s, the beam-plasma systems using intense electron beams with virtual cathode (VC) attract great attention of scientific community in the area of plasma physics and high-power microwave (HPM) electronics. [1] [2] [3] [4] [5] [6] [7] [8] [9] Usually, such systems are considered as the sources of the impulses of high-power microwave radiation (up to several gigawatts power level) for such applications as plasma physics and techniques, high energy density physics, accelerator physics, radar and communication technologies, and as setups for ion acceleration and plasma heating. 3, 6, 7, [10] [11] [12] [13] [14] [15] VC oscillators (VCOs) (such as vircators, reditrons, and virtodes) are a special class of bremsstrahlung microwave generators, whose operation is based on the formation of a VC in an electron beam (usually relativistic) with overcritical current. 1, 3, 7, [16] [17] [18] The main advantages of VCOs are the following: very high output microwave radiation power, a simple construction (let us emphasize that vircators can operate without external focusing magnetic field), fast rise time, the possibility of a simple frequency tuning and regime switching (tunability), rather short operation region and low demands on the quality of the electron beam. 4, 6, 7, [19] [20] [21] [22] [23] The last property is of great importance when the oscillator is fed with short and low-quality beam formed by an explosion emission electron injector. 24 At the same time, the important problem of HPM electronics is the development of effective high-power microwave amplifiers, especially the final amplifiers for the amplification of relatively power signals. 7 A perspective way for the solution of this problem is the use of the intense relativistic electron beam (REB) with near-critical or overcritical current as the active media of the amplifier. The formation of a VC in such system may provide the amplification of the input microwave signal on retention of the main advantages of VCOs. 25 This idea was first proposed in the work, 25 where the simple modification of vircator with the external signal input was experimentally investigated and the relatively effective amplification of the signal (with a gain of 4.5 dB) has been observed. By analogy with VCO, the amplifier based on the use of an electron beam in the regime of the VC formation may be called VC amplifier (VCA).
Nevertheless, many problems concerning the analysis of VCA's amplification mechanisms and characteristics and the development of the optimal schemes of VCA are still uninvestigated. In the context of the modern HPM electronics development, the solution of the above-mentioned problems is very important and timely. So, the present work is devoted to the 3D numerical study of the promising VCA scheme that is based on the well-known special scheme of the double-gap relativistic vircator with external electromagnetic feedback (virtode 26 ) described and investigated in Refs. 27 and 28. The double-gap virtode has been chosen as the base for the amplifier development because of its following undoubted advantages in comparison with usual vircators: generation frequency stability, relatively high efficiency (one of the highest among VCOs), and the convenience of the external signal input.
Let us consider the scheme and the numerical model of the proposed VCA (see Fig. 1 ) and its differences from the virtode scheme. 27 The investigated VCA consists of a twosection (double-gap) rectangular radio frequency cavity. To the left of the resonating cavity, there is the cylindrical electron gun region 1 where a cathode 4 produces a solid cylindrical electron beam 10. In front of the cathode, there is the first anode grid 5. The rectangular resonator is divided into two parts (gaps) 2 and 3, the length of the first is adjustable, controllable by the tuning plunger 11 as shown in the figure. An aluminum foil between this gap 7 acts as the second grid. As distinct from the virtode, the VCA does not contain a window between the two gaps of the resonator that provides the electromagnetic feedback in the virtode. The amplified (input) signal is introduced into the VCA through the coaxial waveguide 8 connected to the side wall of the first resonator gap. The output signal is extracted from the top of the device's second gap 9 that operates, actually, as the rectangular waveguide. The considered VCA operates without the application of an external magnetic field. So, the first gap in the VCA model serves as the premodulating area, where the input signal interacts with the REB, and the second gap-as the interaction space, where a VC is formed and radiates an electromagnetic microwave power.
Analyzing the relativistic VCA, it is necessary to take into account the effects that were insignificant for the weakly relativistic systems, in particular, the influence of the selfmagnetic fields of a REB. 14, 29 For that reason, the 3D fully electromagnetic particle-in-cell solver from CST Particle Studio is used in this work for the accurate numerical investigations of processes occurring in the relativistic VCA.
The discrete voltage port acts as the voltage source in the considered VCA model and provides the accelerating voltage pulse of 1.1 MV between the cathode and the anode grids for 300 ns with the smooth rise time of 10 ns. The cathode acts as the particle source inside the gun region. The electron beam is emitted using the DC emission model with a current of I 0 ¼ 16:9 kA. This value is above the first critical current, I cr1 , and slightly below the second critical current, I cr2 , of the double-gap virtode
where I cr1 % 10 kA is the current above which VC starts to reflect electrons (the first critical current) and I cr2 % 17:6 kA is the current above which the part of reflected electrons increases essentially and microwave generation becomes possible (the second critical current). 27, 28, 30 The VCA power output is modelled with the help of the waveguide port 9 that simulates an infinitely long rectangular waveguide connected to the structure and is characterized by very low levels of reflections. The similar model was used earlier for the simulations of the aforementioned double-gap virtode 27 that have shown a good agreement with the experimental studies. 31 The parameters of the considered VCA scheme with a REB were chosen in the process of its optimization as follows: the cathode radius-49 mm, the electron gun radius-54 mm, the distance (along the y-axis) between the gun center and the system bottom-227 mm, the distance (along the z-axis) between the cathode and the anode grids-21.5 mm, the resonator width (along the x-axis)-140 mm, the height (along the y-axis) of the first gap-347 mm, that corresponds to h 1 ¼ 120 mm, the distance between the anode grid and the second grid-30 mm, the distance between the second grid and the system end-119 mm, the position of the output waveguide along the y-axis relative to the system bottom-494 mm, the position of the input coaxial waveguide along the y-axis relative to the system bottom-21 mm, the inner and the outer radii of the input waveguide-1 mm and 5 mm, and the length of the part of the input waveguide inner core inside the first gap-28 mm. The important parameter here is the position of the input waveguide that was defined from the conditions of the minimization of the signal reflected back to the input waveguide and the maximization of the interaction efficiency of the electron beam with the input signal that provide a maximal amplification efficiency. Note that the power leak through the input waveguide leads to an essential decrease of amplification coefficient. The optimal allocation of the input was defined when carried out in CST Particle Studio optimization procedure. Let us consider the results of the numerical investigation of the VCA model and its output characteristics. Fig. 2 demonstrates the VCA output signals and the amplitude Fourier spectra at the working TE-mode of the output rectangular waveguide for the cases without ( Fig. 2(a) ) and with ( Fig.  2(c) ) input signal that is shown in Fig. 2(b) . One can see that the investigated VCA does not demonstrate the stable output microwave radiation in the absence of the input signal except for the small time interval at the beginning of the pulse when there is a short burst at the output signal due to the transient processes in the device (Fig. 2(a) ). This result indicates that generation process is not developed in the system with nearcritical current (1) and without coupling window and external input signal. Also we may conclude that under such conditions a developed oscillating VC is not formed in the second gap of the VCA, and the REB is the active media able to amplify an external signal. This effect shown in Figs. 2(b)-2(e) demonstrates the corresponding amplitude spectra. Actually, the input signal is amplified by 4.7 times in amplitude due to VC formation under external microwave signal influence. Fig. 1(b) illustrates the VC formation (marked by arrow "VC") in the second gap under the external signal applied to the first gap of VCA without magnetic field. The amplified output signal (Fig. 2(c) ) has a stable amplitude and frequency after the transient process (see Fig. 2(e) ) that takes as a rule about 80 À 120 ns, while the rise time of the input signal is 40 ns. As a consequence, the double-gap VCA can be considered as a typical regenerative amplifier such as, for example, backward wave oscillator operating below its selfexcitation threshold and providing microwave amplification in regenerative amplification regime. 24, 32 Fig . 3 demonstrates the dependency of the power gain of the VCA on the input signal frequency. One can see that the proposed VCA is a narrow-band amplifier with bandwidth $0:6% whose working frequency (where K reaches the maximal value, see Fig. 3 ) f w1 % 1:14 GHz is determined by the frequency of the TM 110 mode of the first gap. This mode has one variation of E z -field along the y-direction of the first gap with the maximum in the region of the electron beam propagation, so it interacts with a REB in the best way and modulates it at the frequency of the input signal. From the physical point of view, the introduction of the input signal into the system and the subsequent REB modulation switch it in the regime with a developed VC (into the second gap) that results in the signal amplification. The second small peak on the Kðf in Þ dependency at the frequency f w2 % 1:35 GHz corresponds to the excitation of the TM 120 mode of the first gap, but the interaction efficiency of the REB with this mode is relatively low for the investigated VCA. Narrow frequency band is obviously a strong selective property of the VCA, which also decreases the electron beam noises effect on the operation of the device. 24 For the analysis of the influence of the input signal amplitude A in on the amplification coefficient of the VCA, the dependency KðA in Þ was obtained and shown in Fig. 4 . The optimal value of A in corresponding to the maximal power gain K % 65 is about 0.5 kV. The input signal with lower amplitude A in < 0.5 kV does not provide a proper modulation of the beam resulting in the significant decrease of the power gain K. The introduction into the VCA of the more powerful input signal with amplitude A in > 0.5 kV causes the overmodulation of the REB that has a negative impact on the VC formation process and, hence, leads to the decrease of the power gain. Also the power leak through the input waveguide rises with the growth of A in . Nevertheless, these undesirable effects are stabilized for A in > 4 kV, and the power gain K approaches the value K c % 15 for A in % 10 kV (see Fig. 4 ).
In spite of the VCA turned out to be a narrow-band amplifier, it is possible to realize its working frequency tuning over a wider range by means of the mechanical tuning of the first resonator gap, changing the position of the top plunger. This idea is illustrated in Fig. 5(a) , where the dependencies Kðf in Þ obtained for different heights of the first gap are shown. Actually, the change of the first gap geometry leads to the variation of the working mode frequency and, as a consequence, to the tuning of the VCA working frequency: the greater the resonator height, the lower the working frequency (see the curve f w ðh 1 Þ in Fig. 5(b) ). The carried out investigations show that the geometric tuning in the considered VCA makes possible the frequency tuning of the device up to 8%-10% of the mean frequency ($1:14 GHz), with the power gain K being practically constant up to 1.15 GHz (see the curve K max ðf w Þ in Fig. 5(c) ). The decrease of K for f w > 1:15 GHz is the consequence of the reduction in the interaction efficiency of the electron beam with the fields of the first gap resonator, as its height decreases with the frequency growth. Also, the signal input (whose allocation was optimized for h 1 ¼ 120 mm) becomes nonoptimal with a relatively strong change of the resonator height. Note that the working frequency is limited from above because of the height of the first gap in the considered VCA (based on the known virtode scheme 26, 27 ) cannot be less than the electron beam radius. Nevertheless, the VCA may be advanced to the higher frequency range by reducing its character dimensions, particularly the electron gun radius owing to the basic physical concepts underlying the VCA amplification mechanism are not changed with the decrease of the device dimensions. So, the obtained results demonstrate that the proposed virtual cathode amplifier scheme may be considered as the perspective high-power microwave amplifier with the following important advantages: the absence of external magnetic field, the simplicity of construction, the possibility of geometrical frequency tuning, and the amplification of relatively power microwave signals, with maximal power gain being about 18 dB and mean power gain-about 12 dB. The last VCA feature allows one to consider it as the perspective high-power relativistic final amplifier.
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